Introduction {#Sec1}
============

DEAD-box proteins are highly conserved in bacteria, archaea, and eukaryotes. They participate in many cellular processes involving RNA, such as transcription, translation, editing, mRNA degradation, and ribosomal assembly (Linder and Daugeron [@CR42]; Patel and Donmez [@CR48]). DEAD-box proteins are classified within the SF2 superfamily of helicases based on the presence of two characteristic domains, DEAD and Helicase_C. The SF2 superfamily includes 10 distinct families that can be differentiated based on sequence comparison and on the conservation of particular motifs (see Fairman-Williams et al. [@CR20], for a detailed analysis of the classification of SF1 and SF2 helicases). In vitro, DEAD-box proteins exhibit an RNA-dependent ATPase activity and some also exhibit ATP-dependent RNA helicase activity (Cordin et al. [@CR15]). Other DEAD-box proteins can assist in RNA folding and displace proteins from RNA (Jankowsky and Fairman [@CR32]). In this study, we refer to all members of this family as DEAD-box proteins, regardless of their assayed activity, since we focus on their evolutionary history and sequence homology. It is important to note that although a large number of proteins contain DEAD and Helicase_C domains, these proteins may belong to other families and not necessarily to the DEAD-box family.

All members of the DEAD-box family feature 10 characteristic conserved motifs. Crystallographic studies of specific DEAD-box proteins have revealed that these exhibit the same protein fold with two alpha--beta-RecA-like domains. For this reason, many studies refer to the DEAD and Helicase_C domains as RecA-like 1 and RecA-like 2 domains, respectively. These studies have allowed for the identification of specific residues that interact with ATP and RNA (Bleichert and Baserga [@CR7]; Rocak et al. [@CR54]; Tanner et al. [@CR63]).

The C-terminal region of some eukaryotic DEAD-box proteins may contain specific domains that are required for cellular localization and for RNA or protein--protein interactions (Linder and Daugeron [@CR42]; Tuteja and Tuteja [@CR68]). However, in bacteria, most DEAD-box proteins lack recognizable motifs or domains at the C-terminal end. Interestingly, some bacterial DEAD-box proteins have a C-terminal domain known as DbpA RNA-binding domain (RBD) (PF03880), which has been shown to mediate in some DEAD-box proteins the specific recognition of hairpin 92 of the 23S ribosomal RNA (rRNA).

In bacteria, the best studied DEAD-box proteins belong to *E. coli* and *B. subtilis* (Table [1](#Tab1){ref-type="table"}). *E. coli* possess five DEAD-box proteins that are involved in ribosome assembly, translation (DeaD/CsdA, RhlE, SrmB, and DbpA) (Charollais et al. [@CR12]; Karginov and Uhlenbeck [@CR35]; Moll et al. [@CR46]), and RNA degradation (RhlB) (Py et al. [@CR52]). *B. subtilis* possess four DEAD-box proteins (DeaD/YxiN, CshA, CshB, and YfmL). Most research efforts on this species have centered on elucidating the biochemical properties and on identifying protein--protein interactions (Ando and Nakamura [@CR4]; Hunger et al. [@CR29]).Table 1DEAD-box proteins in *Escherichia coli* and *Bacillus subtilis*ProteinSize\*FunctionDbpA-RBDReference*E. coli* DeaD (CsdA)629Ribosomal assembly/mRNA decay; cold sensitive (complemented by RhlE)✓Moll et al. ([@CR46]) DbpA (RhlC)457Ribosomal assembly✓Fuller-Pace et al. ([@CR24]) RhlB421mRNA decayPy et al. ([@CR52]) SrmB (RhlA)444Ribosome assemblyCharollais et al. ([@CR13]) RhlE454Ribosome assemblyJain ([@CR31])*B. subtilis* CshA (YdbR)511Ribosome assemblyAndo and Nakamura ([@CR4]) Dead (YxiN)479Ribosomal assembly✓Kossen and Uhlenbeck ([@CR37]) YfmL376Unknown-- CshB (YqfR)438Ribosome assemblyHunger et al. ([@CR29])\*Size in amino acids

Homolog proteins DbpA and DeaD/YxiN from the model organisms *E. coli* and *B. subtilis*, respectively, bind hairpin 92 of 23S rRNA with high specificity (Tsu et al. [@CR67]; Kossen et al. [@CR38]). Moreover, the YxiN C-terminal domain was found to bind RNA with the same affinity as the full-length protein, and the catalytic domain to retain ATPase activity, which suggests that YxiN is a modular protein where the catalytic and RBDs are combined (Karginov et al. [@CR36]). The specificity for rRNA binding and activation of ATPase activity was further demonstrated by the construction of a chimeric SrmB protein containing the DbpA-RBD from YxiN (Kossen et al. [@CR38]). The DbpA-RBD of DeaD/YxiN has been crystallized and its structure has been solved to 1.7 Å resolution (Wang et al. [@CR69]). The structure has an RNA recognition motif (RRM), similar to that found in many eukaryotic RBDs, although there is no similarity at the level. Interestingly, the *Thermus thermophilus* DEAD-box protein Hera also binds hairpin 92 from the 23S rRNA. However, the C-terminal domain (Hera-RBD) revealed the fold of an altered RRM that has limited structural homology to the RBD of the DEAD-box protein DeaD/YxiN from *B. subtilis* (Rudolph and Klostermeier [@CR56]).

Since the DEAD-box family was first described by Linder et al. in [@CR43], efforts have focused on uncovering the biochemical properties of these proteins and understanding their role and association with particular processes in RNA metabolism. The purpose of this study is to take advantage of the large number of completely sequenced bacterial genomes to gain an understanding of the number of DEAD-box proteins present in different bacteria, their phylogenetic distribution, and the features that distinguish them in different phyla. We examined the genetic redundancy of the DEAD-box proteins and assessed the conservation of the residues that comprise the DEAD-Helicase_C domains from a large number of bacterial sequences. To explore the evolutionary implications of the maintenance and possible functional specialization of members from this protein family, we also examined the evolutionary history of DEAD-box proteins, their orthologous relationships, and lineage-specific expansions and reductions (paralogies), particularly among Firmicutes and γ-Proteobacteria, the phyla to which *B. subtilis* and *E. coli* belong, respectively.

Materials and Methods {#Sec2}
=====================

Sequences Used for the Analysis and Hidden Markov Models Used to Detect DEAD, Helicase_C, and DbpA-RBD Domains {#Sec3}
--------------------------------------------------------------------------------------------------------------

We analyzed 563 complete bacterial genomes (see Supplemental Table S1). The collection of DEAD-box protein sequences was obtained using a Hidden Markov Model (HMM) (Eddy [@CR19]). The HMM model was built and calibrated from the alignment of DEAD (PF00270) and Helicase_C (PF00271) domains from 250 sequences retrieved with PSI-Blast (Altschul and Koonin [@CR3]) against the RefSeq database, using the DeaD/CsdA (NP_417631.2) and DeaD/YxiN (NP_391790.1) protein sequences from *E. coli* and *B. subtilis* as queries against Proteobacteria and Firmicutes, respectively. The PSI-Blast was conducted for a total of three iterations. Sequence redundancy was reduced using FSA-Blast (Cameron et al. [@CR9]). This procedure yielded a set of 1,211 DEAD-box sequences (see Supplemental Table S2) that were representative of 1,848 protein sequences (see Supplemental Table S3). The DbpA-RBD (PF03880) identification at the C-terminal region was conducted using the Pfam protocol (Finn et al. [@CR22]) (see Supplemental Table S7). *E* values from 10^−5^ to 10^−46^ were obtained for the DbpA-RBD sequences that were identified. An alignment of a sample of DbpA-RBD from different taxa is shown in Supplemental Figure 5S. We examined the alignments to confirm that the C-terminal domain in these protein sequences were *bona fide* DbpA-RBD homologs. This was observed from the alignments, where a few stretches of amino acids are generally conserved, mainly the G residue at positions corresponding to YxiN 404, 423, 430, and 462, charged residues that accompany the first and last G residues, the relatively well-conserved aromatic residues at positions 407 and 447, and the group of conserved amino acids that is located between the amino acid stretch that constitutes the YxiN β1 and α1, and the stretch between α2 and β4, as observed by Wang et al. ([@CR69]).

### Alignment and Phylogenetic Information Analysis {#Sec4}

Sequences containing only DEAD (PF00270) and Helicase_C (PF00271) domains were first aligned with ClustalW (v. 1.83) (Thompson et al. [@CR64]) and then manually curated. We used Gblocks to extract informative positions from the protein alignment (Talavera and Castresana [@CR62]). A total of 323 non-ambiguous positions were used to conduct the phylogenetic analysis. A complete alignment of protein sequences without Gblocks filtering was used in the maximum likelihood analysis. A complete alignment of nucleotide and amino acid sequences without Gblocks filtering was used in the Bayesian inference.

### Motif Consensus and HMM Logo Design {#Sec5}

Sequence alignment of 1,208 sequences of DEAD-box proteins was used to build and calibrate the HMM model (HMMer v. 2.0) (Eddy [@CR19]). The HMM logo was plotted with LogoMat-P (v. 0.78) (Schuster-Bockler and Bateman [@CR58]).

### Evolutionary Analysis {#Sec6}

Phylogenetic reconstructions were done using the PHYLIP suite (version 3.67-1) (Felsenstein [@CR21]) with the following parameters: method Neighbor-Joining (NJ), substitution model = JTT, gamma = 1, and 1,000 bootstrap replicates. We also conducted a Maximum likelihood analysis using FastTree 2 software (Price et al. [@CR51]) to evaluate the reproducibility of the grouping of the DEAD-box sequences (see Supplemental Figure 1S). For the orthologs distribution (Fig. [4](#Fig4){ref-type="fig"}), we conducted a Maximum Likelihood analysis of 16S rRNA from selected bacteria using PhyML software (Guindon and Gascuel [@CR27]) with the following parameters: method GTR + I + Γ and 1,000 bootstrap replicates.

To assess the evolutionary history of DEAD-box protein coding genes within γ-Proteobacteria and Firmicutes, we conducted a Bayesian inference with Mr. Bayes (version 3.1.2) (Huelsenbeck and Ronquist [@CR28]), using 773 and 348 nucleotide and amino acid sequences from γ-Proteobacteria and Firmicutes, respectively. We used the general-time-reversible model (GTR + I + Γ) for the nucleotide substitution with unlinked parameters, nucleotide frequency, shape of the gamma distribution, and proportion of invariable sites. We evaluated two independent runs with four incrementally heated Markov chains (temp = 0.2) until 5 × 10^6^ generations were reached with tree sampling every 200 generations. For the amino acid sequence analyses, we used the WAG and Mtmam models for Firmicutes and γ-Proteobacteria, respectively. In this case, we evaluated three independent runs with four incrementally heated Markov chains (temp = 0.2) until 5 × 10^6^ generations were reached sampling trees every 200 generations. Plots visualized on Tracer (version 1.4.1) (Drummond and Rambaut [@CR18]) of Ln likelihood versus generation number indicated the stabilization of likelihood values before generation 250,000. The initial 20% of trees were discarded as a burn in. Posterior probabilities and the marginal posterior estimates of the evolutionary parameters were plotted throughout the final tree. The sequence used as the outgroup for Firmicutes was from a Cyanobacteria (*Nostoc* sp., GI: 1108319/17232210), while for γ-Proteobacteria we used a sequence from δ-Proteobacteria (*Myxococcus xanthus* DK 1622, GI: 40104787/108757460). Both outgroups were selected from the grouping seen in the larger phylogenetic analysis previously performed by Neighbor joining. The final topology visualizations were edited with iTOL (<http://itol.embl.de>) (Letunic and Bork [@CR39]).

Results {#Sec7}
=======

The Big Picture: The Bacterial DEAD-Helicase_C Tree {#Sec8}
---------------------------------------------------

We studied 563 complete bacterial genomes to obtain sequences possessing all ten motifs that have been defined by Rocak and Linder ([@CR53]) and by Jankowsky and Putnam ([@CR33]) for the DEAD-box family (see Supplemental Table S1). Figure [1](#Fig1){ref-type="fig"} shows the overall bioinformatics work flow, which included the construction of a Hidden Markov Model and multiple alignments of the retrieved sequences to only keep *bona fide* DEAD-box protein members. Only the DEAD and Helicase_C domains were used for the analysis, while the N- and C-terminal end sequences, which were attached to these two main domains, were excluded. Our procedure selected a set of 1,211 DEAD-box sequence relatives. The isolated DEAD-Helicase_C domain sequences were aligned and their phylogenetic distribution allowed us to observe the diversity per genome and redundancy of this protein family. As a first approximation, an amino-acid-based phylogenetic tree was obtained using Neighbor-Joining. The tree topology exhibited a separate branch for DEAD-box proteins. Upon detailed analysis of the sequences through Pfam, we found that the majority of the members of this branch (66%) possessed the DbpA-RBD (shown in yellow in Fig. [2](#Fig2){ref-type="fig"}). A second group contained sequence members who almost all lacked the DbpA-RBD (shown in blue in Fig. [2](#Fig2){ref-type="fig"}) (for details on the sequences, see Supplemental Tables S4 and S5). Each of these two groups contained members from all bacterial phyla. Additionally, a large proportion of DEAD-box protein sequences branched out into a group that was composed mainly of proteobacterial sequences. We refer to the latter group as RhlE-like, since RhlE from *E. coli* is the only studied member in this group (shown in green in Fig. [2](#Fig2){ref-type="fig"}). The DEAD-box protein coding genes in this group seemed to have arisen from a duplication that allowed a member lacking DbpA-RBD to expand in the Proteobacteria. A divergent branch that was basal to all others was composed of sequences from Actinobacteria, all of which lacked the DbpA-RBD (shown in brown in Fig. [2](#Fig2){ref-type="fig"}). DbpA-RBD (approximately 80 amino acids) is the only conserved domain recognized in the C-terminal end of some DEAD-box protein sequences, and although it was not included in the amino acid sequences used to construct this phylogeny, it turned out to be an outstanding feature that allowed for the distinction of members that clearly fell into separate clades.Fig. 1Overview of the methodology used in this work to identify and analyze bacterial DEAD-box protein genesFig. 2Phylogenetic tree of the DEAD-Helicase_C domains in 1211 bacterial DEAD-box proteins. Sequences containing only DEAD and Helicase_C domains were first aligned and then manually curated. We used Gblocks to extract informative positions from the protein alignment and a total of 323 non-ambiguous positions were used to conduct the phylogenetic analysis by Neighbor joining (see "[Materials and methods](#Sec2){ref-type="sec"}"). The grouping of classes was determined according to clades layout. Three major groups are identified and colored *yellow*, *blue*, and *green*. Some Actinobacteria DEAD-box protein sequences branch in a separate divergent group (*brown*). The presence and absence of a DbpA RNA-binding domain (RBD) is the main feature distinguishing *yellow* and *blue* DEAD-box protein sequences, respectively, while *green* section sequences form a separate branch that is dominated by proteobacterial members. Location of known RNA helicases from *E. coli* and *B. subtilis* are indicated in the phylogeny. Information about the genomes and the sequences IDs used to generate this phylogeny can be found in Supplemental Tables S4 and S5

The observation of the DbpA-RBD in members of all examined phyla revealed that it was present prior to speciation. Since it was suggested to have an important role in 23S rRNA binding and aid in rRNA assembly, we wondered whether it was already part of the architecture of DEAD-box proteins of ancestral origin. To answer this question, we analyzed two presumed representatives of early branching bacteria, *Petrotoga mobilis* SJ95 and *Aquifex aeolicus* VF5, both of which possess a single DEAD-box protein. Only the DEAD-box protein from *Petrotoga mobilis* SJ95 was found to have a DbpA-RBD. The Planctomycetes phylum has previously been suggested to be ancient (Brochier and Philippe [@CR8]). One of its members, *Rhodopirellula baltica* SH 1, contains 3 DEAD-box proteins genes, one of which possesses a DbpA-RBD. This analysis already suggested that DEAD-box protein genes possessing or lacking a DbpA-RBD shared the same lineage, and the genes most likely originated from a duplication that occurred before the speciation of these bacterial families. Other strategies of phylogeny reconstruction were used, including the selection of fewer genomes to reduce the bias toward Firmicutes and Proteobacteria (data not shown). Again, DbpA-RBD-containing and DbpA-RBD-lacking sequences were observed separated from the proteobacterial-dominated RhlE-like branch, which is consistent with the hypothesis that DbpA-RBD-containing and DbpA-RBD-lacking DEAD-box proteins originated from a duplication and subsequently followed separate lineages. Moreover, a third class, which lacks the DpbA-RBD at the C-terminal, prospered mainly in the Proteobacteria. Given the large bias of available genome sequences toward Proteobacteria and Firmicutes as well as the large phylogenetic distance between them, it is difficult to conduct a fine evolutionary analysis combining these groups. To further analyze these possible evolutionary scenarios, we carried out a separate analysis for the Firmicutes and the Proteobacteria.

Evolutionary History of DEAD-Box Protein Coding Genes in Firmicutes {#Sec9}
-------------------------------------------------------------------

A Bayesian analysis at the nucleotide/codon and amino acid level was carried out to obtain phylogenetic reconstructions for the DEAD-box protein family in Firmicutes. Both analyses were capable of resolving very similar topologies (see "[Materials and methods](#Sec2){ref-type="sec"}"), although the amino-acid-based phylogeny resolved the basal branches better. Figure [3](#Fig3){ref-type="fig"} shows the phylogeny obtained at the amino acid level, and Supplemental Figure 2S shows the phylogeny at the nucleotide level. A cyanobacterial protein (*Nostoc* sp., GI: 17232210) was used as outgroup in this analysis. The topology of a multi-gene family, where genes appeared before the speciation of the Firmicutes, which is the case for DEAD-box proteins, has to be interpreted by clade since each of the vertically inherited genes has followed a different history. For each clade, we observed that the phylogenetic distribution of the members in all cases correlated with the genus, which suggested an absence of horizontal gene transfer among these family members. The basal proteins belonged to *Acholeplasma laidlawii* PG8A (GI: 162447374) and *Clostridium phytofermentans* ISDg (GI: 160880140), followed by two sequences of *Alkaliphilus metalliredigens* QYMF (GI: 150390712) and *Desulfitobacterium hafniense* Y51 (GI: 89896500), and one group of *C. botulinum*.Fig. 3Bayesian inference of DEAD-box protein from Firmicutes. Complete alignment of 348 amino acid sequences from Firmicutes, which corresponds to the DEAD and Helicase_C domains without Gblocks filtering used in the Bayesian inference (see Fig. [1](#Fig1){ref-type="fig"} and "[Materials and methods](#Sec2){ref-type="sec"}"). DEAD-box proteins from *B. subtilis* are localized as reference sequences across the phylogram. The presence of the DbpA domain is shown with a red box on the perimeter. Notably it only occurs in a few genera, such as in *Bacillus*, *Lysteria*, and *Clostridium*. Proposed gene duplications are shown in the main clusters as duplication 1 and duplication 2. Interestingly, the *Clostridium* species appears to diverge earlier from other Firmicutes. The general clusters are shown in different *colors* and only values above 0.80 of posterior probability are shown. DbpA-RBD lacking branches next to DpbA-RBD containing branches are indicated

*Clostridium* sequences appeared to have separated earlier when compared to the other Firmicutes sequences analyzed. In this phylogeny, DbpA-RBD-containing sequences clustered into two branches. Interestingly, the DbpA-RBD domain was not represented in all genera of Firmicutes, as only the sequences of early branching genes belonging to the *Clostridium*, *Bacillus,* and *Listeria* genera possessed this domain. The basal sequence of those possessing a DbpA-RBD was that from *Mycoplasma mobile* 163K (GI: 47459115). The *Clostridium* genomes exhibited five clades, four of which dominated the earlier branching group. A DEAD-box protein sequence that lacked the DbpA-RBD and was basal to all sequences was present in all of the *C. botulinum* genomes. Although all the *Clostridia* had orthologs for the *B. subtilis* DeaD/YxiN protein, they also possessed an additional divergent DbpA-RBD-containing protein. Most *Clostridium* genomes also had CshA ortholog proteins; however, they all lacked orthologs for both the YfmL and CshB genes (see Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Relationship between phylogeny and the presence of putative ortholog sets of DEAD box proteins. The phylogenetic tree was based on the maximum likelihood method with the 16S rRNA gene (sequences from the RDP database) using the PhyML model (GTR + I) with 1,000 bootstrap replicates. The *rows* represent reference DEAD-box protein genes from *E. coli* (for γ-Proteobacteria) and from *B. subtilis* (for Firmicutes). The *columns* represent protein conservation using symbols to denote the presence of a putative ortholog. *Red symbols* are used for DEAD-box proteins containing the DbpA RNA-binding domain (RBD), while *blue symbols* are used for DEAD-box proteins lacking the DbpA domain. The conservation data were obtained from the phylogenetic reconstruction shown in Figs. [3](#Fig3){ref-type="fig"} and [5](#Fig5){ref-type="fig"}, which is only based on the DEAD-Helicase_C N-terminal domain. D1 and D2 refer to the duplications 1 and 2 observed for the DEAD-box proteins from the Firmicutes. For each putative ortholog set, the length size difference is generally less than 20%, with a few exceptions (see Supplemental Tables S10 and S11 for the identification number of each protein as well as a comparison of the length for each of the sequences shown in this figure)

Several genera from Firmicutes, such as *Staphylococcus, Lactococcus, Streptococcus*, and *Lactobacillus*, only possessed DEAD-box proteins that lacked the DbpA-RBD. Within *B. subtilis,* we found that the earliest branching DEAD-box protein corresponded to the DeaD/YxiN protein, followed by the CshA, YfmL*,* and CshB. The YfmL and CshB proteins were each located in one of two large branches that we termed duplication 1 and duplication 2. These branches seemed to have resulted from an early duplication event, since this duplication was observed in almost all the members of the clade, including the *Listeria*, *Streptococcus*, and *Lactobacillus* genera*.* In addition, some genera lacked members from duplication 1, such as the possible orthologs of YfmL from *B. subtilis.* This was also true for *Lactococcus* and *Staphylococcus*, which only contained DEAD-box proteins that branched from duplication 2*.* All *Streptococcus* genomes examined (8 species, 28 genomes) had members within duplication 2 (possible orthologs of CshB from *B. subtilis*), while some genomes, including *Streptococcus pyogenes*, *S. agalactiae* NEM316, and *S. agalactiae* A909 had no members from duplication 1. Other *Streptococcus* genomes*,* including those from *Streptococcus agalactiae* (2603 V/R), also had a member within this duplicated branch. Although the *Lactobacillus* genus had more members within duplication 2, it still possessed members from duplication 1, which suggested that the presence of members from the two duplications may have occurred before speciation. In addition, these observations suggested that members from duplication 1 were later lost and that only members from duplication 2 (GI: 116514512, 104774414, and 2518569 from *L. delbrueckii* subsp*. bulgaricus* ATCC BAA 365, and ATCC 11842 from *L. johnsonii* NCC 533, respectively) remained.

Of the 22 *Bacillus* genomes analyzed (including the close relatives *Oceanobacillus*, *Geobacillus*, and *Lysinbacillus*), only the species that were phylogenetically closest to *B. subtilis* (*B. pumilus* and *B. licheniformis*) shared orthologs of the four DEAD-box proteins. In addition, some *Bacillus* species lacked one or two of the reference *B. subtilis* genes, with YfmL being the least conserved. For instance, the *B. amyloliquefaciens* FZB42 genome lacked both CshA and CshB protein coding genes*.* In contrast, the *B. coahuilensis* and *O. iheyensis* HTE831 genomes did not possess any DEAD-Box protein with a DbpA-RBD. Since there is no common element of DEAD-box protein coding genes shared by all *Bacillus*, we suggest that the different DEAD-box proteins are adaptable proteins that can participate in the same or similar pathways. Figure [4](#Fig4){ref-type="fig"} summarizes the occurrence of possible orthologs for the *B. subtilis* DEAD-box proteins in other genera based on a Bayesian reconstruction and displays the losses and expansions of particular genes from different genera. In *B. subtilis,* only one DEAD-box protein, DeaD/YxiN, contains a DbpA-RBD. DeaD/YxiN appears in a different branch from CshA that lacks this C-terminal domain. Since CshA orthologs already appeared in several genera basal to the *Bacillus*, it is possible that CshA arose from an ancestral duplication of a DbpA-RBD-containing member and lost the DbpA-RBD. Alternatively, DeaD/YxiN and CshA may have been the result of ancestral duplications followed by the acquisition of new functions. In fact, the DbpA-RBD may have already evolved within DEAD-box proteins. *B. subtilis* has another pair of DEAD-box proteins, CshB and YfmL, which appear in sister branches and seem to have originated from ancestral duplication (see Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}).

Evolutionary History of DEAD-Box Proteins in γ-Proteobacteria {#Sec10}
-------------------------------------------------------------

The DEAD-box protein family in the γ-Proteobacteria was also analyzed at the nucleotide/codon and amino acid level using a Bayesian analysis to obtain phylogenetic reconstructions (see "[Materials and methods](#Sec2){ref-type="sec"}"). The tree reconstruction based on amino acids resulted in the same clades and general topology as that obtained with nucleotides. Figure [5](#Fig5){ref-type="fig"} shows the phylogeny obtained at the amino acid level and Supplemental Figure 3S shows the nucleotide-based phylogeny. A DEAD-box protein sequence from the β-Proteobacteria *Myxococcus xanthus* DK 1622 (GI: 108757460) was used as an outgroup. One feature that was immediately observed in this tree was the separation of a branch of DEAD-box proteins containing the C-terminal DbpA-RBD (DbpA-RBD-containing branch) and another branch that lacked this domain (DbpA-RBD-lacking branch). Interestingly, each of these branches was further divided into two branches. The DbpA-RBD was present in most of the genera analyzed, with the exception of *Acinetobacter*, *Psycrobacter*, *Coxiella*, and some genes from obligate symbionts, including *Wolbachia*. From the topology of the tree, we deduced that the occurrence of certain DEAD-box protein coding genes in γ-Proteobacteria was a result of a recent expansion. Based on their location within the tree topology, many of these expansions appear to have arisen from independent events. This could be better explained if the γ-Proteobacteria originated from an ancestor that possessed two main classes of DEAD-box proteins, with one class containing the DbpA-RBD and one class lacking the domain. The tree topology shows sequences grouped according to their genus affiliation, at each of the main branches, which suggests that these genes were present in the common ancestor and that their diversification occurred after speciation events. Moreover, each of the clades closely follows a γ-Proteobacteria species phylogeny.Fig. 5Bayesian inference of γ-Proteobacteria DEAD-box proteins. Complete alignment of 773 amino acid sequences from γ-Proteobacteria, which correspond to the DEAD and Helicase_C domains without Gblocks filtering used in the Bayesian inference (see Fig. [1](#Fig1){ref-type="fig"} and "[Materials and methods](#Sec2){ref-type="sec"}"). DEAD-box proteins from *E. coli* are localized as reference sequences across the phylogram. Note the defined group containing a DbpA-RBD that is shown with a *red box* around the perimeter. Noticeable gene expansion occurred in the *Shewanella* and *Vibrio* genera. From the topology, we inferred that the γ-Proteobacteria ancestor possessed both DbpA-RBD-containing and DbpA-RBD-lacking DEAD-box proteins. Genera are depicted with *different colors* and only posterior probability with values of 0.60 and above are shown. Three DbpA-RBD-lacking branches and two DpbA-RBD-containing branches are indicated

A striking expansion of this gene family occurred in the *Vibrio* and *Shewanella* genera. Based on this observation, we conducted a further analysis of the *Shewanella* DEAD-box protein coding genes. A synteny analysis was done to relate the evolutionary history of DEAD-box protein coding genes to their location in the genomes (data not shown). Surprisingly, within the large number of *Shewanella* sequences analyzed, only a pair of genes in 4 of the 17 analyzed species seemed to have resulted from a recent duplication event.

It is interesting to note that basal to the DEAD-box proteins that clustered in the DbpA-RBD-containing branch (Fig. [5](#Fig5){ref-type="fig"}), a sequence was found that belonged to *Francisella philomiragia* subsp. *philomiragia* ATCC 25017 (GI: 167627672), which lacked the DbpA-RBD. There are a few genes within the DbpA-RBD-containing group that lacked this domain (GI: 77166069, 120555341, and 33519584 from *Nitrosococcus oceani* ATCC 19707, *Marinobacter aquaeolei* VT8, and *Candidatus Blochmannia floridanus*, respectively) and we propose that this domain was lost in these members.

The DEAD-box proteins RhlB, SrmB, and RhlE from *E. coli* str. K12 substr*.* DH10B were found in the DbpA-RBD-lacking branches 1, 2, and 3, respectively. The *E. coli* proteins DbpA and DeaD/CsdA*,* which contained the DbpA-RBD, were apparently the result of an ancient duplication, since these appeared in separate branches and were conserved in all γ-Proteobacteria. The exception to this was the genus *Salmonella*, which lacked the *E. coli* DeaD/CsdA ortholog, and *Coxiella*, which lacked the *E. coli* DbpA ortholog. Figure [4](#Fig4){ref-type="fig"} summarizes the occurrence of possible orthologs for the *E. coli* DEAD-box protein coding genes based on the Bayesian reconstruction and displays the losses and expansions of particular genes from different genera. DEAD-box protein SrmB seemed to lack an ortholog in *Xanthomonas*, which might have been compensated by the presence of a possible paralog of RhlE. The RhlE and RhlB were found to be present in all the γ-Proteobacteria analyzed, with the exception of species within the *Buchnera* and *Haemophilus* genera. As noted above, the RhlE protein from *E. coli* defined a particular class of DEAD-box proteins that was exclusive to the monophyletic group present in the Proteobacteria, and which had expanded in *Shewanella*, *Vibrio*, and *Photobacterium*. Similar to the Firmicutes sequences, none of the five DEAD-box protein ortholog families of γ-Proteobacteria was absolutely conserved, and the presence of each DEAD-box protein coding gene varied among the different genera. These findings suggested that DEAD-box proteins are flexible and can adapt to participate in the necessary cellular functions.

We also examined in detail the *E. coli* DEAD-box proteins in the phylogenetic reconstructions. DbpA and DeaD*/*CsdA are the DbpA-RBD-containing DEAD-box proteins and appear in sister branches, suggesting that they originated from an ancestral duplication of a DbpA-RBD-containing member (see Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}). The gene pairs coding for two more DEAD-box proteins, SrmB and RhlB, seem to also be the result of a duplication of a gene that already encoded a DbpA-RBD-lacking DEAD-box protein (see Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}). Lastly, the *E. coli* gene encoding RhlE is part of the branch that seems to have expanded in the Proteobacteria. If the Proteobacteria arose later than Firmicutes, as some studies have suggested (Wu et al. [@CR70]), then a duplication of a DEAD-box protein coding gene most likely occurred in the early lineages to give rise to the RhlE coding gene, since most Proteobacteria have corresponding orthologs (see Fig. [4](#Fig4){ref-type="fig"}).

Architecture, Abundance, and Phylogenetic Distribution of Bacterial DEAD-Box Protein Genes {#Sec11}
------------------------------------------------------------------------------------------

Among the genomes analyzed, those from Firmicutes and γ-Proteobacteria had the largest representation, with 133 and 162 genomes, respectively. Table [2](#Tab2){ref-type="table"} shows a selected sample of genomes from different phyla and includes an abbreviated description of the number of DEAD-box proteins and their classification based on protein architecture. Upon broad analysis, DbpA-RBD-containing and DbpA-RBD-lacking members appear in every phylum, with the exception of Acidobacteria, which only appeared in the Proteobacteria-derived group defined by the RhlE-like members. In contrast, the RhlE-like group contained mostly DEAD-box proteins from genomes belonging to the Proteobacteria, with exceptions coming from Planctomycetes, Chlorobi, Bacteroidetes, Acidobacteria, and Verrucomicrobia. In addition, this class also contained some DEAD-box proteins from Cyanobacteria as well as two sequences from Firmicutes that belonged to *Clostridium botulinum* B str. Eklund 17B (GI: 187934290) and *C. phytofermentans* ISDg (GI: 160880140). These other bacteria, which branched before the Proteobacteria, may have been the source of this divergent lineage. Notably, phyla that were taxonomically distant from the Proteobacteria generally lacked DEAD-box proteins from this group (Deinococcus, Thermotogae, Fusobacteria, Firmicutes, and Chloroflexi). However, we noted that some members of the Actinobacteria had genes that belonged solely to the divergent group.Table 2Distribution of the different classes of DEAD-box proteins in bacterial phylaSpeciesDEAD-box proteinsProtein architectureDbpA-RBD containing\
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Variation in the Number of DEAD-Box Proteins Genes Per Genome {#Sec12}
-------------------------------------------------------------

The abundance of this protein family and the distribution of their members led us to analyze the number of DEAD-box proteins per genome and assess their taxonomic affiliation (see Table [2](#Tab2){ref-type="table"} for data on a selected number of genomes and Supplemental Table S1 for the complete set of data). We found a few examples of recently sequenced genomes from obligate endo-mutualists that lack DEAD-box proteins. Examples of these are *Candidatus Sulcia muelleri* GWSS (NC_01018), *Candidatus Sulcia muelleri* SMDSEM (NC_013123), and *Carsonella ruddii* PV (NC_008512). In contrast, other endo-mutualists, such as *Buchnera aphidicola* and *Wigglesworthia glossinidia*, contained DEAD-box protein genes. Interestingly, we only found one plasmid-encoded DEAD-box protein, which was present in *Sinorhizobium medicae WSM 419* (NC_009620, YP_001313217). The genomes with the largest number of DEAD-box proteins (10--12) were all within the γ-Proteobacteria phylum and belonged to the *Shewanella*, *Vibrio*, and *Photobacterium* genera. In contrast, the genomes with the smallest number of DEAD-box protein genes were distributed among different phyla. A single DEAD-box protein gene was found in each of 116 genomes, and interestingly, approximately 33% of these contained the DbpA-RBD (see Supplemental Table S6). Therefore, the genomes that carry a single DEAD-box protein lacking DbpA-RBD may bind the 23S rRNA through a different mechanism. In some bacterial genomes that contained several DEAD-box proteins, such as *Streptomyces coelicolor* A3(2), *Sulfurimonas denitrificans* DSM 1251, and *Sulfurovum* sp. NBC37-1, none of the five different DEAD-box proteins had a DbpA-RBD. Interestingly, all five *S. coelicolor* A3(2) DEAD-box protein sequences clustered in the same group (depicted in brown in Fig. [2](#Fig2){ref-type="fig"}), while those from *Sulfurimonas* and *Sulfurovum* appeared in different branches.

We evaluated a possible correlation between the number of DEAD-box protein genes and the number of coding genes or GC content (see Supplemental Figure 4S) and found no significant correlation between genomes with more DEAD-box proteins and those with the maximum number of coding genes (e.g., *Sorangium cellulosum* "So ce 56"). Similarly, the GC content did not correlate with the number of DEAD-box proteins, since the genomes with the largest number of DEAD-box genes had a GC contents ranging from 38 to 45%. However, we observed great variability in the content of DEAD-box proteins (1--9) in genomes that had a GC content in the range of 50 to 74%.

We also explored a possible correlation between the gene copy number of rRNA genes and the number of DEAD-box proteins. A correlation was observed (Supplemental Figure 2S) with genomes harboring eight to twelve DEAD-box proteins, which showed the largest copy numbers of 23S rRNA genes. The maximum number of rRNA operon copies is 15 for *Photobacterium profundum* SS9 (Alm et al. [@CR2]), which contains 10 genes coding for DEAD-box proteins. This correlation makes sense given the involvement of some DEAD-box proteins in the assembly of rRNA.

Variability of the C-Terminal Region of Bacterial DEAD-Box Proteins {#Sec13}
-------------------------------------------------------------------

The architecture of DEAD-box proteins is distinguished by an N-terminal region of approximately 350 amino acids in length that comprises the DEAD-Helicase_C domains. We found that in most bacterial DEAD-box proteins, this region is preceded by approximately 50 residues (mean length) (Fig. [6](#Fig6){ref-type="fig"}). The C-terminal is the most variable region. A large number of bacterial DEAD-box proteins possess approximately 30 amino acids at the ends in addition to the DEAD-Helicase_C domains, while a few possess upwards of 766 amino acids, mainly as C-terminal extensions. The smallest sequence included in this analysis was that from *Onion yellows phytoplasma* OY-M, which had 357 amino acids (NP_950705.1) and the largest sequence corresponded to *Nocardia farcinica* IFM-1152, which had 1148 amino acids (YP_120788).Fig. 6Conservation of motifs across DEAD and Helicase_C domains of 1208 bacterial DEAD-box proteins. Revised motifs obtained from the alignment of 1,208 sequences in comparison with the consensus motifs from DEAD-box proteins originally proposed by Rocak and Linder ([@CR53]) and Jankowsky and Putnam ([@CR33]). A traditional consensus residue format and a HMM-logo description are shown. The N- and C-terminal amino acid length distribution is also shown. Included for comparison are the following selected eukaryotic DEAD-box protein sequences: Dm: *Drosophila melanogaster* (NP_723899.1); Mm: eIF4AII *Mus musculus* (NP_001116510.1); Sc: Ded1 *Saccharomycescerevisiae* (NP_014847.1); and Mj: *Methanocaldococcus jannaschii* DSM 2661(NP_247653.1)

However, we found that most DEAD-box protein sequences with short C-terminal sequences contained K- and R-rich segments within these regions. Accordingly, the isoelectric point of the C-terminal end is generally basic (see Supplemental Tables S8 and S9), which is a feature shared among proteins that interact with nucleic acids (Adhikari et al. [@CR1]). In general, the DbpA-RBD-containing group contained members with the longest C-termini. To determine whether the presence of particular domains/motifs were the source of variability in protein size, we looked for possible domains at the C-termini using Pfam (see Supplemental Table S7). The only domain that appeared with a significant score (*E* value of 10^−5^ to 10^−46^) was DbpA-RBD. A few sequences were found to have a duplicated DbpA-RBD and belonged to β-Proteobacteria (*Janthinobacterium* sp. Marseille: YP_001355159.1; *Herminiimonas arsenicoxydans*; YP_001101466.1) and δ-Proteobacteria (*Myxococcus xanthus* DK 1622: YP_634008.1). This observation suggested that these domain duplications occurred independently in these genomes.

Revised Motifs Within the DeaD and Helicase_C Domains {#Sec14}
-----------------------------------------------------

Given the large number of compared DEAD-box protein sequence we revisited the motifs that had been previously described for the DEAD and Helicase_C domains (Jankowsky and Putnam [@CR33]; Rocak and Linder [@CR53]). We aligned 1,208 sequences and obtained HMM models to determine the amino acid frequency at each position within these domains. This approach allowed us to evaluate the conservation profile of the residues in the 10 known motifs (Rocak and Linder [@CR53]) (Fig. [6](#Fig6){ref-type="fig"}). Based on these findings, we propose a revised consensus motif that incorporates extensions to the already defined motifs. The advantage of the HMM-logo description of conserved residues is that it allows for the identification of particular amino acid residues that may be less conserved for some sequences, and yet important in others.

The *F* residue of the motif F (Fig. [6](#Fig6){ref-type="fig"}) exhibited high conservation, although it is absent in some DEAD-box sequences. The significance of this apparent absence is difficult to interpret, since in these cases, variation exists in the location of the protein start site and therefore it is difficult to assess whether another *F* residue in the vicinity is substituted in place of it. In other DEAD-box sequences, a stretch of amino acids at the N-terminus end were absent. However, in some cases this could be an annotation problem. In a few cases, the *F* was substituted by a different residue, such as in *Colwellia psychrerythraea* 34H (YP_268332) and *Psychromonas ingrahamii* 37 (YP_943183), where there was a *V* substitution. As expected, the *Q* residue was the most conserved within motif Q, followed by the *I* residue that preceded it. At the beginning of motif Q, we observed a *GY* pair that had not been previously described in DEAD-box protein sequences. For motif I, we found that the consensus sequence AxTGSGKTxxFxxP was invariable in the examined DEAD-box proteins. However, the first *T* residue was often substituted for an *S* in eukaryotic and archaeal DEAD-box proteins (Fig. [6](#Fig6){ref-type="fig"}). For motif Ia, the PTRELA stretch of amino acid residues is highly conserved in the bacterial DEAD-box proteins; however, we also included a remarkably conserved *Q* that was found two residues downstream of this sequence at a very high frequency. In fact, there were no exceptions to this observation, and only a single exception for the presence of the *P* within the examined DEAD-box proteins. Motif Ib was the next most highly conserved motif in bacterial DEAD-box proteins. The motif was identified by a *GG* doublet, and although it had been previously described (Linder et al. [@CR43]), it was ignored since it was not conserved in all DEAD-box proteins. However, the importance of this residue has been demonstrated in the eukaryotic DEAD-box protein eIF4AII, where mutations in these residues abolish the function of the protein (Zakowicz et al. [@CR72]). Within this motif, we included a *Q* residue that occurred downstream with high frequency among bacterial DEAD-box proteins. This residue had not been previously described, and was conserved in sequences from archaea and eukaryotes (Fig. [6](#Fig6){ref-type="fig"}). In motif Ic, the reported sequence remained the same as that previously described. Motif II included the DEAD sequence, which is the hallmark of this family, and it is known that the *A* residue can vary. Interestingly, a number of different amino acids were able to replace it, including *V*, *M*, *S*, *G*, *T*, *F*, and *C*. We extended this motif by six residues to include *R/E*, *M*, *L*, *D*, *M*, *G*, and *F*. The *M* residue located at the middle of the proposed motif was extremely well conserved (92% of 1,208 sequences examined), followed by the *GF* pair (95.7%). Motif III was defined by the sequence FSAT. In our alignment, we found that the *F* that preceded the motif was as well conserved as the *SAT*, which is not the case in previously described motifs. Motif IV was the least conserved and contained the sequence xIIFxx, where *F* was the most conserved residue and each residue varied. The next motif was named IVa. It has previously been identified by some authors as QxxR (Banroques et al. [@CR5]) and we have extended this motif to include residues *HG*, which are as conserved as the *Q* residue. Motif V has *T* and *D* residues that are highly conserved at the end of the motif (Jankowsky and Putnam [@CR33]). However, we also identified two *A* residues, one positioned before the *T* and the other positioned after the *D* residue. Motif Va (ARGID) had the same amino acid frequency and has already been reported. In the motif Vb (VxxVINxx) in bacterial DEAD-box proteins, we observed a slight modification, where the first *V* residue seemed to be absent, while a *P* residue at the end of the motif had a higher frequency than *VIN* residues, which had not been previously described. Finally, residues HRxGRTGR in the motif VI were highly conserved in the bacterial DEAD-box proteins. In fact, the first residue in this motif has been shown to be an identifier of DEAD-box proteins, since it is replaced with *Q* in DEAH proteins (Rocak et al. [@CR54]; Yao et al. [@CR71]). We have included other residues as part of this motif that occurred at high frequency: a *Y* and *G* at the beginning and end of the motif, respectively. A few bacterial species, such as *Mycoplasma* and *Ureaplasma*, possess DEAD-box protein sequences that deviated from several of these motifs. This observation suggests that rapid divergence occurred.

To assess if the newly described and edited motifs existed beyond bacteria, we looked for these new amino acid signatures in some well-studied eukaryotic DEAD-box proteins, such as Vasa (NP_723899; *Drosophila melanogaster*), eIF4AII (NP_001116510; *Mus musculus*), and Ded1 (NP_014847; *Saccharomyces cerevisiae*). We found that most of the new signatures proposed in this study are not limited to bacterial DEAD-box proteins. The specific role of the uncovered residues from these new signatures remains to be tested. They may contribute to the binding of RNA or may help establish interactions between these proteins and their substrates.

Discussion {#Sec15}
==========

In this study, we have described the diversity of bacterial DEAD-box proteins from 563 genomes to gain insight into the evolutionary history of this protein family in the Firmicutes and γ-Proteobacteria phyla, which include the best studied bacterial models, *E. coli* and *B. subtilis*. Gene duplication is the primary source of new genes. Duplicate genes that are stably preserved in genomes usually have divergent functions. The general rules governing the functional divergence, however, are controversial and not well understood. The neofunctionalization hypothesis asserts that after duplication, one daughter gene retains the ancestral function, while the other acquires new functions. The DEAD-box protein gene family is probably the result of more than one duplication and neofunctionalization event. For instance, among the five encoded DEAD-box proteins that were identified in *E. coli*, four most likely play a role in ribosome assembly (DeaD/CsdA, DbpA, SrmB, and RhlE) (Charollais et al. [@CR13]; Iost and Dreyfus [@CR30]; Jain [@CR31]; Moll et al. [@CR46]), while one (RhlB) has been shown to be involved in RNA degradation (Py et al. [@CR52]). DeaD/CsdA and DbpA, which both contain a DbpA-RBD, originated from what seemed to be duplicated branches. SrmB and RhlB seemed to have a common origin, but most likely diverged before the speciation of γ-Proteobacteria. Since these two proteins have different functions, it is likely that these two DEAD-box protein genes are an example of neofunctionalization after duplication. The phylogenetic relationship between these two DEAD-box protein genes had been previously suggested by Iost and Dreyfus on the basis of Blast scores (Iost and Dreyfus [@CR30]). One or both genes that code for SrmB and RhlB are absent in some genera from the γ-Proteobacteria, and only the gene coding for SrmB has been observed as a duplication. However, RhlE seems to have originated in a Proteobacterial ancestor, since it has evolved and expanded in sequences that form a Proteobacterial-specific branch and is, therefore, almost exclusively present in this phylum. The observed expansions in *Shewanella*, *Photobacterium*, *Vibrio*, and *Cowellia* emerge specifically from the RhlE protein branch. Silander and Ackermann ([@CR60]) analyzed the level of gene conservation for different orthologous genes. In their study, the *E. coli* DEAD-box proteins showed high levels of ortholog loss (ROL). They also noticed that many of the genes that exhibit a loss may be recent innovations and have a distribution that is restricted to the Proteobacteria. This is exactly the case for the *rhlE* gene. The ROL is also thought to be inversely correlated with gene essentiality, which is in agreement with the fact that none of the *E. coli* DEAD-box proteins are essential in *E. coli.*

Regarding *B. subtilis*, the DeaD/YxiN protein bears a DbpA-RBD at the C-terminal end and has been suggested to be a member of a subfamily that is involved in ribosome assembly. Indeed, it has been shown that the 23S rRNA stimulates its ATPase and unwinding activities (Kossen and Uhlenbeck [@CR37]). CshA, which lacks DbpA-RBD, has also been shown to exhibit ATPase activity and associate with the ribosomal fraction (Ando and Nakamura [@CR4]). Our evolutionary study suggests that both DeaD/YxiN and CshA genes could have originated from DbpA-RBD-containing helicases, and CshA could have lost this domain. YfmL and CshB appear to have arisen from another duplication. In addition, YfmL from *Bacillus* seems to have orthologs in other Firmicutes genera, such as *Staphylococcus*, *Lactobacillus*, and *Streptococcus*, where there is at least one species that has lost this particular DEAD-box ortholog.

While some sequenced genomes from obligate endo-symbionts lack DEAD-box protein, all the analyzed genomes of free-living bacteria assessed in this study possessed at least one DEAD-box coding gene, which is what would be expected for a protein that is involved in multiple aspects of the metabolism of RNA. Some genomes can have up to 12 copies of the genes. The expansion of DEAD-box proteins in some genera may be similar to what has been observed for histidine kinase genes that have been found in the genomes that have the highest enrichment of signaling proteins, such as early branching Proteobacteria, suggesting that divergence in domain structure and changes in expression patterns are hallmarks of recent expansions (Alm et al. [@CR2]). Interestingly, the large number of DEAD-box proteins in the *Shewanella* genus extends to other protein families, such as diguanylate cyclases (51 proteins) and phosphodiesterases (27 proteins). For this reason, it has been suggested that these particular families may be participating in the post-transcriptional control of different cellular processes (Fredrickson et al. [@CR23]) where DEAD-box proteins may also be involved.

It is not clear why some DEAD-box proteins in *E. coli* and *B. subtilis* are dispensable for growth under laboratory conditions, whereas in yeast, most DEAD-box proteins are essential (Bernstein et al. [@CR6]; Granneman et al. [@CR26]). For many genes, duplication is accompanied by changes in regulation. It is possible that bacterial DEAD-box proteins are only necessary under certain growth conditions but also that there is some redundancy. In support of this hypothesis, it has been shown that low temperature induces the expression of DEAD-box protein genes in several bacteria and archaea (Chamot and Owttrim [@CR11]; Lim et al. [@CR40]; Söderberg and Cianciotto [@CR61]). A recent study showed that DEAD-box protein CrhR regulated the expression of *gro*EL1 and *gro*EL2 during acclimatization to low temperature in *Synechocystis* sp. PCC6803 (Prakash et al. [@CR50]).

DEAD-box proteins may have RBDs that provide high specificity to dedicated helicase functions (Kossen et al. [@CR38]; Linden et al. [@CR41]), or low specificity to general RNA chaperone functions (Mohr et al. [@CR45]; Russell [@CR57]; Del Campo et al. [@CR16]). The function of RBDs is to position neighboring RNA regions for unwinding by the helicase core (Diges and Uhlenbeck [@CR17]; Tijerina et al. [@CR65]). In bacterial DEAD-box proteins, the differences in length of the amino acid sequences found between the different classes are explained predominantly by differences in their C-terminal region. The absence of conserved motifs at the C-terminal region and the prevalence of high isoelectric points and low hydrophobicity suggest that this region may be involved in RNA binding and complex formation in bacterial DEAD-box proteins, which has been reported for some eukaryotic DEAD-box proteins (Mss116p, Cyt-19, and eIF4A) (Mohr et al. [@CR45]; Schutz et al. [@CR59]). The only recognizable, conserved domain to date in the C-terminal region of some members is DbpA-RBD, which is the best example of target specificity for DEAD-box proteins. The presence of this domain is thought to limit these proteins to a particular function, which is most likely that of ribosomal RNA assembly. The crystallographic structure of the DeaD/YxiN RBD showed that, despite the lack of apparent sequence similarity, it has the same tertiary fold as the RNA recognition motifs (RRM) that are prevalent in eukaryotes. However, RNA binding assays of mutant DeaD/YxiN RBD suggest that the mode in which this domain binds RNA differs substantially from that of the eukaryotic RRMs (Wang et al. [@CR69]). It is possible that the DbpA-RBD has had an evolutionary constrain to maintain its role in rRNA assembly, since the RRM in eukaryotic proteins is one of the most abundant motifs and exhibits great variation and flexibility in function (Maris et al. [@CR44]).

Most bacterial genomes have at least one gene coding for a DbpA-RBD-containing DEAD-box protein. However, there are numerous bacterial genomes that completely lack the DbpA-RBD, and therefore the mechanism by which 23S rRNA assembly takes place remains elusive. Hairpin 92 in the 23S rRNA is highly conserved (Pei et al. [@CR49]), and therefore a change in the DbpA-RBD cannot be explained as an adjustment to accommodate variant 23S structures. However, the presence of a DbpA does not dictate that a protein will be targeted to the hairpin 92 of the 23S rRNA. For instance, the *E. coli* DeaD/CsdA protein has a DbpA-RBD, but it does not exhibit binding specificity for this hairpin (Jones et al. [@CR34]). It is possible that its location within a larger C-terminal region, flanked by an R-rich region upstream and five conserved R-, E-, G-rich nonamers downstream (GGERRGGGR; data not shown) influence its RNA binding features. Interestingly, the *Thermus thermophilus* DEAD-box protein Hera has a C-terminal RBD that also binds hairpin 92 in the 23S rRNA, although it does not have significant sequence homology to the DbpA-RBD. In contrast to *B. subtilis* DeaD/YxiN RBD, which displays a high specificity for hairpin 92, Hera is promiscuous and also binds to RNase P RNA (Linden et al. [@CR41]). The Hera-RBD and DeaD/YxiN RBD have no significant sequence homology, but it has been suggested that a functional homology in 23S rRNA binding is likely to be significant (Rudolph and Klostermeier [@CR56]).

Another DEAD-box protein involved in ribosome assembly is the *E. coli* SrmB (Nishi et al. [@CR47]). A recent report from Trubetskoy et al. ([@CR66]) showed that SrmB was able to interact with L24 and L4 and suggested that these proteins serve as a bridge for the interaction with its target RNA. However, the C-terminal end did not mediate this interaction and was found to be dispensable, suggesting that it provides stability to the complex. Interestingly, the genome of *Synechocystis* sp. PCC6803 has a single gene coding for a DEAD-box protein and it lacks a DbpA-RBD. We believe that these data provide an example of a bacterium with a single DEAD-box protein that lacks a DbpA-RBD, but which can cover multiple functions.

The origin of the DbpA-RBD is intriguing. It does not occur as a separate module in other proteins, as it is only found associated to DEAD-Helicase_C domains, and the only exceptions occur in three *Treponema* species and one *Gemmatimonas aurantiaca* species (data not shown) in small genes that predominantly consist of this domain. Therefore, we suggest that in mesophilic bacteria the DbpA-RBD originated as part of the DEAD-Helicase_C as a specialization. This specialization occurred after a duplication of these proteins (neofunctionalization), which would explain the occurrence of both DbpA-RBD-containing and DbpA-RBD-lacking proteins. However, we cannot exclude the possibility that this domain was gained (i.e., by fusion) from another protein that does not exist in current genomes.

Finally, alignment of 1,208 non-redundant DEAD-box proteins allowed us to revise the consensus sequence of the motifs that define this protein family in bacteria. We delineated a revised consensus for the bacterial DEAD-box protein family using the largest number of members ever analyzed. We obtained an HMM-logo that allowed us to determine the conservation frequency of different residues and establish particular trademarks in bacteria for this protein family. The HMM-logo includes previously unrecognized amino acids that were within or extended the known motifs. As expected for a highly conserved gene family, the bacterial motifs have several similarities with a eukaryotic and archaeal model DEAD-box protein (Fig. [6](#Fig6){ref-type="fig"}). Numerous biochemical studies have been carried out to elucidate the functions of these conserved motifs (Caruthers and McKay [@CR10]; Cordin et al. [@CR14]; Rogers et al. [@CR55]). For this reason, residues that occur at a high frequency in or proximal to bacterial DEAD-box protein sequences at these motifs seem particularly interesting for future studies, since they may influence the biochemical functions of the protein.

Conclusions {#Sec16}
===========

In this study, we observed numerous examples of the gain and loss of DEAD-box protein genes following speciation in bacteria. Few taxonomic incongruencies were detected, suggesting that these genes are not frequently transferred. Moreover, several gene members had good phylogeny information content, since they were congruent with species phylogenies. In addition, a few examples of the loss of the DbpA-RBD were also observed. We propose that DEAD-box proteins in extant bacteria evolved from an ancient progenitor that already possessed a duplicated gene, of which one copy possessed a DbpA-RBD. The flexible nature of the DEAD-Helicase_C domains facilitated its expansion and specialization by multiple evolutionary events that included the gain and loss of genes. Finally, given that a single DEAD-box protein seems to be sufficient for multiple tasks in some bacteria, further research should focus on analyzing the contribution of redundancy to the fitness of bacteria that possess multiple DEAD-box proteins.
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Phylogenetic tree of the DEAD-Helicase_C domain in 1211 bacterial DEAD-box proteins. Sequences containing only DEAD and Helicase_C domains were first aligned and then manually curated. We used Gblocks to extract informative positions from the protein alignment and a total of 323 non-ambiguous positions were used to conduct the phylogenetic analysis by Maximum likelihood (see Materials and Methods). The grouping of classes was determined according to clades layout. The group of sequences containing DbpA-RBD was identified and colored green. Location of known RNA helicases from *E. coli* and *B. subtilis* are indicated in the phylogeny. Information about the genomes and the sequences IDs used to generate this phylogeny can be found in Supplemental Tables S4 and S5 (Talavera G. and Castresana J. 2007. Syst Biol 56:564-77). (PDF 2326 kb)
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Bayesian inference of DEAD-box protein from Firmicutes. Complete alignment of 345 nucleotide sequences from Firmicutes, which corresponds to the DEAD and Helicase_C domains (without Gblocks filtering) was used to obtain a Bayesian inference (see Figure 1 and Materials and Methods). DEAD-box proteins from *B. subtilis* are indicated as reference sequences across the phylogram. The presence of the DbpA-RBD is shown with a red box on the perimeter. Notably it only occurs in a few genera, such as in *Bacillus, Lysteria,* and *Clostridium*. Proposed gene duplications are shown in the main clusters as Duplication 1 and Duplication 2. Interestingly, the *Clostridium* species appear to have diverged earlier from other Firmicutes. The general clusters are shown in different colors and only values above 0.80 of posterior probability are shown. DbpA-RBD lacking branches next to DpbA-RBD containing branches are indicated (PDF 1236 kb)
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Bayesian inference of γ-Proteobacteria DEAD-box proteins. Complete alignment of 765 nucleotide sequences from γ-Proteobacteria, which correspond to the DEAD and Helicase_C domains (without Gblocks filtering) was used in producing the Bayesian inference (see Figure 1 and Materials and Methods). DEAD-box proteins from *E. coli* are indicated as reference sequences across the phylogram. Note the defined group containing a DbpA-RBD that is shown with a red box around the perimeter. Noticeable gene expansion occurred in the *Shewanella* and *Vibrio* genera. From the topology, we inferred that the γ- Proteobacteria ancestor possessed both DbpA-RBD containing and DbpA-RBD lacking DEAD-box proteins. Genera are depicted with different colors and only posterior probability with values of 0.60 and above are shown. Three DbpA-RBD lacking branches and two DpbA-RBD containing branches are indicated (PDF 2457 kb)
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Correlation analysis of the number of DEAD-box protein genes and selected genomic features. Correlation between DEAD-box protein number and (A) Total number of coding genes, including those genes present in plasmids; (B) 23S gene copy number; and (C) GC content for a particular bacterial genome. All statistical analyses were conducted using R (2.6.2) (Team RDC. 2009 R Foundation for Statistical Computing) (PDF 608 kb)
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Comparative analysis of DbpA-RNA binding domain sequences from diverse bacterial taxa. The C-terminal region of many bacterial DEAD-box proteins share a conserved domain, known as DbpA-RNA binding domain (RBD) identified as the Pfam (PF03880). A complete alignment can be obtained from the Pfam site. The *Bacillus subtilis* DeaD/YxiN possesses the conserved DbpA-RBD whose tertiary structure has been solved and it is an α-β sandwich with four antiparallel β-strands on one face and two helices on the other. The order of secondary structure elements in the polypeptide sequence is β-α-β-β-α-β (Wang S *et al*., 2006. RNA. 12:959-67). The YxiN sequence shown as reference starts at residue 404 (PDF 1427 kb)
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